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The widespread use of antibiotics as therapeutic and prophylactic agents and as growth promoters in animal husbandry has led to a worldwide increase in antibiotic resistance and the emergence of untreatable multidrug-resistant strains of bacteria (4, 33) . This has prompted the European Union to phase out the use of these compounds as animal feed additives by 2006 (47) . The use of competitive exclusion agents and probiotic feed additives in the livestock industry is therefore attracting increased attention as a cost-effective alternative to controlling animal disease and improving breeding performance (54) .
The genus Bacillus comprises a diverse collection of aerobic endospore-forming bacteria whose spores consist of several protective layers surrounding the nucleoid in the spore core (20, 51) . This structural organization makes the spores extremely resistant to external physical and chemical insults and in part determines their exceptional longevity in the environment (20, 38) . The resilient and ubiquitous nature of these bacteria results in considerable daily intake of these organisms by humans and animals. This ingestion, which is often in the form of spores, occurs primarily through contaminated food and water.
Bacillus spores are being used as human and animal probiotics despite the fact that studies now indicate extensive mislabeling of constituent Bacillus strains (13, 21) . Several of these strains have additionally been shown to be multidrug resistant and to harbor toxin genes (10, 21) . Therefore, it is becoming increasingly clear that a more rigorous selection process is required for Bacillus probiotic candidates. Our understanding of competitive exclusion and probiotic properties relates mainly to the lactic acid bacteria however, with comparatively very little known regarding Bacillus spp. (45, 59) . Nevertheless, it is anticipated that the competitive exclusion of pathogens by Bacillus probiotics will result from one or more modes of action, including immune exclusion, competition for adhesion sites, and production of antimicrobial agents, such as bacteriocins (45) .
Although recent evidence suggests that Bacillus spores do germinate in the gastrointestinal tract (8, 22) , it remains unclear which form, cell, spores, or both, is actually responsible for the competitive exclusion and probiotic effects. Despite these current limitations, the administration of spores as feed additives as opposed to vegetative cells clearly distinguishes Bacillus probiotics from other bacterial probiotic formulations and offers a number of clear advantages. These include low cost of production, ease of preparation, resistance to production processes, and extended shelf-life over a wide range of temperatures.
The use of competitive exclusion agents in the poultry industry has been described extensively in the prevention of several diseases caused by different avian pathogens, including zoonotic bacteria (1, 24, 40) . However, the relatively undefined composition of some products and the uncertainty regarding their exact mechanisms of action have raised several ethical issues. Recent studies have shown that spores of a laboratory strain of Bacillus subtilis decreased different aspects of colonization of young chicks by the avian colibacillosis agent Escherichia coli O78:K80, Salmonella enterica serotype Enteritidis, and Clostridium perfringens (30, 31) . We reasoned however that animal probiotics should preferentially originate from the target animal microflora, as their use would be ethically more acceptable and potentially more effective than exogenous strains. Moreover, there is evidence that laboratory strains of B. subtilis differ significantly from wild-type isolates, including properties that could enhance their efficacy as probiotics (7, 26; Barbosa et al., unpublished data) .
Thus, in light of these arguments, we aimed in this study to isolate and identify aerobic sporeformers from the gastrointestinal tract of broilers. Strains were tested for intrinsic properties that would be beneficial to their survival in the gut ecosystem, properties that could be desirable for competitive exclusion or probiotic agents.
MATERIALS AND METHODS
Preparation of fecal samples, bacterial isolation, and growth conditions. Twenty pooled samples of freshly voided fecal material were collected from the floors of buildings housing organically reared Hubbard 257 broilers in two different English farms. Care was taken to avoid gross contamination with environmental material. Fecal aliquots were initially diluted 1:1 (wt:vol) in buffered peptone-water (Oxoid) and resuspended by vigorous vortexing until an evenly distributed suspension was obtained. Aerobic spore-forming isolates were then selected by heat (39) and/or ethanol treatment (27) . For heat treatment, the suspension was further diluted 1:10 in buffered peptone-water and incubated at 65°C for 20 or 45 min. For ethanol treatment, the original fecal suspension was diluted 1:1 in ethanol (final concentration, 50% vol/vol) and incubated for 1 h at room temperature (27) . Subsequent plating of 0.1-ml aliquots of appropriate 10-fold serial dilutions in buffered peptone-water (up to 10 Ϫ5 ) was done aerobically on Difco nutrient agar or Luria-Bertani (LB) plates, both of which support germination. Although no quantification was attempted, a measurable number of colonies (more than 10) was routinely obtained on 10 Ϫ2 to 10 Ϫ3 dilution plates after 24 to 48 h of incubation at 37°C. Colonies representing different morphologies were picked at random and purified by restreaking on agar plates of the same media. Production of spores by growth of the purified isolates on Difco sporulation medium (DSM) (39) plates was confirmed by phase-contrast microscopy before storage of the isolates at Ϫ80°C in Difco heart-infusion broth (HIB) with 30% glycerol. Bacillus isolates were routinely grown aerobically at 37°C in LB or DSM, unless otherwise stated. The laboratory strain B. subtilis MB24 (trpC2 metC3) (17) (Table 1 ) was used as a control in most of the experiments described throughout this work. Other bacterial strains used as controls in different experiments or as indicator strains in antimicrobial activity assays are listed in Table 1 .
Catalase test, growth characteristics, and hemolysis. The catalase activity of bacterial isolates was detected by resuspension of a colony in a 3% solution of hydrogen peroxide (Sigma).
The ability to grow under alkaline conditions was determined by monitoring the optical density at 600 nm of cultures grown in alkaline nutrient broth (Difco nutrient broth buffered at pH 9.7 with a 4.2% NaHCO 3 , 5.3% Na 2 CO 3 solution; formula from the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany). Growth at 50°C was assessed by spotting 5 l of an overnight LB culture on fresh LB plates which were incubated at 50°C for 24 h. Growth under anaerobic conditions was assessed by incubating LB plates streaked with test and control strains in an Oxoid anaerobic jar in the presence of an Anaerogen sachet. Growth was monitored at 24 h, the sachet was replaced, and the plates were incubated for another 24 h. Clostridium perfringens isolate fD00385 (Table 1) was included as a control for the anaerobic conditions.
Hemolysis was determined on Columbia 5% sheep blood agar plates (bioMérieux SA, Marcy-lЈEtoile, France), streaked with colonies from fresh LB plates. Readings were taken after incubation at 37°C for 24 h. API 50 CHB system test. The biochemical profile of test isolates was determined with the API 50 CHB strips following the manufacturer's instructions (bioMérieux). This test allows bacterial strains to be classified according to their ability to ferment 49 different carbohydrates. The results were analyzed with the APILAB Plus software (bioMérieux).
DNA extraction and purification. Total genomic DNA was extracted from overnight LB cultures by a modification of the method of Pitcher et al. (50) . Overnight cultures of Bacillus strains grown in LB medium were inoculated as a 5-l spot on LB agar plates. The presence of plasmid DNA in natural isolates was screened from overnight LB cultures by the method of Anderson and McKay with the small-scale procedure (2) . This method was chosen since it allows detection of large plasmids frequently undetected by other methods.
PCR amplification and DNA sequencing of 16S rRNA. Universal eubacterial primers fD1 (5Ј-CAACAGAGTTTGATCCTGGCTCAG-3Ј) (E. coli positions 8 to 27) and rD1 (5Ј-GCTTAAGGAGGTGATCCAGCC-3Ј) (E. coli positions 1541 to 1525) described by Weisburg et al. (66) were used to amplify smallsubunit rRNA (16S rRNA) gene sequences of the Bacillus isolates. PCR amplification was carried out with Taq polymerase (MBI Fermentas) with an annealing temperature of 52°C. Partial or complete sequencing of the approximately 1.5-kb amplified products purified with the QIAquick PCR purification kit (Qiagen GmbH, Hilden, Germany) was obtained with the rD1 or fD1 primer and internal primers designed from previously determined sequences.
Computer analysis of the 16S rRNA sequences was performed with the Sequence Match software package through the Ribosomal Database Project II (http://rdp.cme.msu.edu/html) or by comparison with sequences in the GenBank nonredundant nucleotide database with BLAST (http://www.ncbi.nlm.nih.gov).
Biofilm formation. Formation of biofilm was tested as described by Robleto et al. (57) with modifications. Essentially, 2 to 3 ml of Sterlini-Mandelstam medium (16) was inoculated with an exponential-phase culture grown in the same medium to an optical density at 600 nm of Ϸ0.01. The test was carried out in 13-ml polypropylene tubes that were incubated for 24 h without agitation at 37°C. Controls consisted of an uninoculated tube and a tube inoculated with exponential-phase cells for 10 min before washing. Tubes were then rinsed with water before staining with a solution of 1% crystal violet for 15 min and subsequently washed to remove excess stain. A positive result was recorded as the presence of a ring of staining at the interface between air and medium.
Antibiotic susceptibility. The susceptibility of the Bacillus isolates to ampicillin, tetracycline, chloramphenicol, gentamicin, ciprofloxacin, and erythromycin The primers used in the preparation of specific internal probes and for PCR screening of the erm(A), erm(B), and erm(C) genes were those described by Sutcliffe et al. (64) . The primers for erm(D) were 5Ј-GGACAGCATTTGATG CAT-3Ј (forward) and 5Ј-GGTGAGCGTTCCAACGGT-3Ј (reverse) and for erm(F) were 5Ј-GCCAACAATGTTGTTGCT-3Ј (forward) and 5Ј-CGAAATT GACCTGACCTG-3Ј (reverse). The forward primer for ermG was described previously (62) , and the reverse primer was the complement of the reverse primer described in this article. Primers for erm (34) were 5Ј-ACTTAGCCGT GGAGAACCTC-3Ј (forward) and 5Ј-TTGGAACATGCCGAACCATC-3Ј (reverse).
The templates for erm(A), (B), and (F) were pEM9592, pJIR229, and pVA831 (pBF4), respectively, cloned in Escherichia coli and for erm(D) it was pEC101 in B. subtilis, and they were kindly supplied by M. C. Roberts (University of Washington, Seattle). The erm(C) probe was amplified from Staphylococcus aureus RN2442-pE194, kindly supplied by Vincent Perreten (Institute of Veterinary Bacteriology, University of Berne, Berne, Switzerland), and the erm(G) probe was amplified from plasmid pGERM, a kind gift from Abigail Salyers (University of Illinois, Urbana).
Southern blotting and hybridization. Southern blotting and hybridization with erm-specific [␣-
32 P]dCTP-labeled probes of EcoRI-digested genomic DNAs were carried out essentially as described elsewhere (60) with the RadPrime DNA labeling system (Invitrogen) and a hybridization temperature of 60°C.
Spore preparation and determination of sporulation efficiency. Sporulation efficiency was measured by determining the titer of heat-resistant cells versus the total (viable) cell counts in DSM cultures 24 h after inoculation (18) . Spores of 24-to 48-h cultures in DSM (as indicated) were purified on Gastrografin gradients essentially as described elsewhere (18) . After determining the spore titers, the aqueous samples were stored frozen at Ϫ80°C.
Electron microscopy. Samples of Bacillus isolates to be studied by electron microscopy were prepared from cultures that had been grown for 24 h in DSM. Aliquots (5 ml) were harvested, fixed, dehydrated, and embedded essentially as described elsewhere (19) . Microscopic analysis was carried out on a Jeol transmission electron microscope operated at 60 keV.
Acid and bile salt tolerance. The tolerance of Bacillus spores to bile salts and simulated gastric conditions was assayed as described by Duc et al. (10) SO 4 , pH 6.7) containing 0.2% bile salts (50% sodium cholate, 50% sodium deoxycholate; Sigma Chemical Co Ltd.) or in 0.85% NaCl, pH 2, containing 1 mg ml Ϫ1 pepsin (Sigma) and incubated at 37°C with agitation. Aliquots were taken immediately and after 1 and 3 h (for bile tolerance) or after 30 min and 1 h (for acid tolerance). Appropriate dilutions, made in Bott and Wilson salts, were plated directly onto LB plates and CFU were determined after incubation at 37°C for 24 h (48 h for isolate 259). Control samples were set up in parallel where spores were resuspended in Bott and Wilson salts or 0.85% NaCl only.
Resistance of vegetative cells to bile salts and simulated gastric conditions was determined as described for spores by harvesting overnight LB cultures of Bacillus isolates and resuspending cells in fresh LB, LB supplemented with 0.2% bile salts, or LB acidified to pH 2 with concentrated HCl and supplemented with pepsin at 1 mg ml Ϫ1 , respectively. Antimicrobial activity screening assay. Antimicrobial activity was assessed with a colony overlay assay adapted from the method described by Pugsley et al. (53) to screen a different set of microorganisms. Overnight cultures of Bacillus strains grown in LB medium were inoculated as a 5-l spot on LB agar plates and incubated at 37°C for 24 h prior to killing of the cells by exposure to chloroform vapors for 30 min. Plate covers were replaced, and the plates were aerated for 20 min before overlaying with 0.7% LB or Difco brain heart infusion agar (according to the requirements of the indicator strains) that had been inoculated with an overnight culture of the indicator strain. Zones of inhibition around the spots at any of the incubation times, 5, 8, 24, and 48 h at 37°C (30°C for Enterococcus aerogenes), were scored as positive.
RESULTS
Isolation of fecal sporeformers. Spore-forming bacteria were selected by heat or ethanol treatment of chicken fecal material collected from the floors of organically reared Hubbard 257 broiler houses in two different English farms. Although heat treatment is a standard procedure for spore selection, treatment with ethanol is also an effective method for the selective isolation of sporeformers that eliminates potential complications derived from variations in the level of spore heat resistance between species (27) (see also below). Treated samples were subsequently plated and incubated aerobically. A total of 237 colonies representing the many different colony morphologies observed and sources of samples were chosen randomly for further analysis. Spore production, induced by nutrient exhaustion of all 237 isolates grown on DSM plates, was confirmed by phase-contrast microscopy. All the isolates were catalase positive, a characteristic that differentiates Bacillus from the anaerobic spore-forming Clostridium spp.
Characterization of selected isolates. Of the 237 isolates, 31 were selected for further analysis. This selection was based on macroscopic differences in colony morphologies and also on the collection of samples at different sites and from different animal groups. Characterization of biochemical properties was performed with the API 50 CHB system (Table 2 ). However, some isolates could not be classified with this method, for example, isolates 19, 208, 268, and 369, which were unable to utilize any of the carbohydrates present in the strip. We also noted that the API system failed to identify or provided false readings for isolates that did not belong to any of the 19 species for which the method was developed ( Table 2 , and see below).
To further assist in identification of the isolates, a Ϸ1.5-kb fragment of the 16S rRNA gene was amplified from the genomic DNA of the 31 isolates. The nucleotide sequence at the 5Ј end of the amplified product of all but 2 of the 31 isolates was obtained with primer fD1. For isolates 259 and 370, primer fD1 repeatedly failed to provide any sequence, and therefore the 3Ј-end sequence of the 16S rRNA was obtained with primer rD1. Partial sequences of the 16S rRNA (Ϸ600 to 800 nucleotides) were compared to those deposited in GenBank and the Ribosomal Database Project (Table 2) . For isolates 3, 37, 56, 197, 200, 210 , and 259, which were later characterized in more detail (see below), complete unidirectional sequences of the 16S rRNA were obtained and analyzed as previously described (see below and Table 2 ).
Although combined biochemical and genetic analysis allowed the identification of the 31 isolates to the genus level as Bacillus spp., the API results and 16S rRNA sequences were not always in complete agreement. While this made definitive species identification more difficult in some instances (Table  2) , the majority of the isolates exhibited more than 97% rRNA sequence identity to database entries and could be associated with known Bacillus species (32 On the other hand isolates 52 and 62, which displayed only 95% and 97% sequence identity to their closest relatives, B. silvestris and B. cereus group species, respectively, may represent new species. However, determination of full rRNA sequences and further characterization will be required for these isolates to test this suggestion. Isolates 19, 208, 268 , and 369 showed 99% identity with a database entry corresponding to a Bacillus strain isolated from vanilla beans undergoing postharvest processing, Bacillus sp. VAN35 (accession number AF286486). However, this strain has not been identified to the species level. The same was observed for isolate 287, which (Table 2) . Nevertheless, consistent with the reported ability of B. subtilis to grow anaerobically (37), different growth levels (varying from moderate growth to limited growth in the form of tiny colonies) were also detected for a number of B. subtilis isolates under these conditions ( Table 2 ). We also observed that isolates 259 and 370 identified by 16S rRNA sequence analysis as B. clausii along with the control strains B. clausii DSM 8716 and B. clausii DSM 2515 were able to grow under alkaline conditions in consonance with their identification as B. clausii (61) . The laboratory strain B. subtilis MB24 failed to grow under these conditions.
Approximately 60% of the 31 Bacillus isolates presented some level of hemolysis on 5% sheep blood agar, including all four isolates related to the B. cereus group (Table 2) .
Microscopic examination of the isolates showed a diverse collection of rod-shaped bacteria producing endospores of different sizes and shapes, including those that caused swelling of the mother cell (Fig. 1) . Some cells presented distinctive features such as the presence of one or multiple inclusions or (Fig. 1, panel L) , which were septated, as revealed by staining with the membrane dye FM4-64 (Molecular Probes) (data not shown). Macroscopic analysis also identified distinctive traits for the diagnosis of some isolates. Isolate 241 was readily differentiated from the other B. cereus subgroup isolates as it released a dark brown pigment when grown on LB and DSM agar plates. In another case, the distant relationship of isolate 52 with the B. cereus subgroup revealed by 16S rRNA sequencing was strengthened by the small size of its colonies, which contrasted with the large flat colonies presented by the other three isolates of this subgroup. This was also supported by its inability to grow at 50°C (Table 2) (60, 63) .
Of the 31 isolates analyzed, almost 50% contained detectable plasmid DNA, with some isolates harboring multiple plasmids (Fig. 2, Table 2 ). The electrophoretic mobility of these extrachromosomal elements varied greatly, with some strains 37, 200 , and 210) was tested for properties that could be relevant for their survival or persistence in the animal gut ecosystem.
Biofilm formation. Isolates that produced highly viscous colonies on LB plates also formed strong biofilms. This included isolates 37, 56, 200, and 210. Remarkably, for these isolates the film in the air-medium interface was strong enough to sustain the cultures when the tubes were inverted (not shown). Strains 3, 197 , and laboratory strain MB24 grew without forming an attached ring, while isolate 259 was unable to grow in the experimental media and therefore could not be tested.
Antibiotic susceptibility analysis. With rare exceptions, the isolates were sensitive to the antibiotics tested ( Table 3 ). The exceptions included B. clausii 259 and B. licheniformis 56, which were both resistant to erythromycin and lincomycin. This suggested the involvement of an MLS B (macrolide-lincosamide-streptogramin B) resistance determinant (56) . Exposure of both isolates to subinhibitory levels of erythromycin (0.4 g ml Ϫ1 ) resulted in higher MICs, demonstrating the inducible nature of the resistance.
MLS B resistance is most commonly due to the presence of an erm gene, which encodes an rRNA methylase specific for adenine residues (56) . In order to get a better understanding of the genetic basis for the resistance exhibited by these isolates, we used PCR and Southern blotting to screen for erm genes of classes A, B, C, D, F, and G. The results from these experiments identified a chromosomal erm(D) gene in B. licheniformis 56, but B. clausii 259 showed no significant similarity with any of the erm genes tested. PCR amplification with primers specific for erm (34) , on the other hand, which was recently identified in the B. clausii probiotic Enterogermina and B. clausii reference strains (6), gave a product of the expected size, suggesting the presence of this gene. This was confirmed by sequencing of the amplified PCR product. DNA extractions from isolate 259 repeatedly failed to detect any plasmid DNA ( Table 2 ), suggesting that the MLS B resistance of strain 259 was a consequence of the presence of erm (34) in the chromosome.
Sporulation properties. We then calculated the sporulation efficiency of the Bacillus isolates, expressed as the percentage of heat-resistant cells (80°C, 20 min) present in 24-h DSM cultures. Although isolates 3, 37, 56, 197, 200 , and 210 were able to grow well in DSM, B. clausii isolate 259 consistently showed an extended lag phase compared to most of the other isolates. However, this did not appear to affect the efficiency of sporulation. All isolates showed good sporulation efficiencies and showed spore titers in the order of 10 8 to 10 9 ml Ϫ1 (Table  4) . Initially a low sporulation efficiency was observed for isolate 3, which did not correlate with the large number of spores observed by phase contrast microscopy of the 24-h DSM culture. However, this correlation was restored when the heatresistant spore titers were determined at 65°C (Table 4) .
Spore ultrastructure. All the seven poultry isolates herein examined conformed to the general structural pattern found to be common to all the Bacillus spores that have been examined so far (20) and that consists of a core compartment surrounded by a thick layer of cortex peptidoglycan, which in turn is covered by an inner and an outer coat layer (Fig. 3) . The spores of the B. subtilis 37, 200, and 210 isolates were virtually indistinguishable from the spores of the laboratory strain MB24 (Fig.  3, panels B, E, and F) . The structure of the B. megaterium 3 spore was also similar to that described in the literature for B. megaterium spores, with the "double" spore coat (3) (Fig. 3,  panel A) . However, one clear deviation was seen for spores of isolate 259. In these, the coat showed a thin electron-dense layer separating the inner coat from a more external lamellar layer (Fig. 3, panel G) . In addition, the spores were associated with an external electron-dense layer with a porous appearance of unknown origin and undefined nature (Fig. 3, panels G and  H) .
While none of the spores examined presented any structure that could be described as an exosporium, spores of B. clausii 259 were very distinctive on account of the short hair-like structures protruding from the outermost coat layer (Fig. 3,  arrowhead in panel G) . MICs for ampicillin (AM), erythromycin (EM), chloramphenicol (CL), tetracycline (TC), gentamicin (GM), and ciprofloxacin (CI) were determined by the E-test method, while the MIC for lincomycin (LC) was determined by the microdilution method on a 96-well microtiter plate. The experiment was repeated three times, and representative results are shown.
b MIC values after induction by subinhibitory concentrations of erythromycin (0.4 g ml Ϫ1 ): 56, 2,500 g ml Ϫ1 and 259, Ͼ 5,000 g ml Ϫ1 . a Sporulation was induced by exhaustion in DSM broth. At 24 h after inoculation, viable counts were measured before and after incubation at 80°C (and 65°C for 3) for 20 min prior to plating. Sporulation efficiency corresponds to the percentage of survivors. The experiment was performed three times, and a typical result is shown. Note that sporulation efficiencies slightly higher than 100% (see 3 and 200) are within the error of the method. However, this does not seem to be the case for isolate 259, which consistently gave sporulation efficiencies much higher than 100% (see text).
Acid and bile tolerance of Bacillus spores and cells. Spores from isolates 3, 37, 56, 197, 200, 210 , and 259 as well as those of the standard laboratory strain MB24 were tested for resistance to simulated gastric conditions and to bile salts (0.2%).
Spores of all the isolates tested were similarly resistant to both simulated gastric conditions and to bile salts, as determined by less than one log difference in CFU at time zero and after exposure to both experimental conditions (data not shown).
Different studies have reported on the germination of Bacillus spores in the gastrointestinal tract, including the jejunum and ileum (8, 22, 35) . For this reason we also assessed the survival rate of vegetative cells to exposure to both simulated gastric conditions and bile salts. In contrast to spores, vegetative cells of all isolates were very susceptible to both treatments. The results showed a decrease in cell viability of more than 98% within 5 min of exposure to the stress conditions (results not shown).
Antimicrobial activity of fecal Bacillus isolates. An agarspotting method was used to assess the production of antimicrobial compounds by the selected fecal Bacillus isolates from broiler chickens against a panel of gram-negative and grampositive bacteria, which included food spoilage and pathogenic bacteria (Table 5 ). Although antimicrobial activity was detected for all the strains, there were considerable differences in their spectra and degrees of inhibition (Fig. 4, Table 5 ). Indeed, the antimicrobial activity appeared to be specific for a particular indicator and producer strain pair. A case in point relates to B. subtilis isolates 37, 200, and 210, each of which showed different spectra of activity. Strain 200, for example, presented the largest antibacterial spectrum, exhibiting inhibitory activity against several gram-positive species, such as Listeria monocytogenes, Listeria innocua, C. perfringens, Enterococcus faecalis, and Staphylococcus aureus, as well as different Bacillus species. Isolate 200 also produced a weak activity against the avian colibacillosis agent E. coli O78:K80. Importantly, several producer strains strongly inhibited C. perfringens (Table 5 ). 
DISCUSSION
Bacillus spp. have been described traditionally as aerobic saprophytic soil organisms. Several studies based on 16S rRNA analysis have failed to detect Bacillus species in the gastrointestinal tract of chicken, but this could be due in part to their presence in low numbers or as spores from which a representative sample of DNA would be difficult to extract (67 and references therein). Nevertheless, bacilli (12, 34) and Bacillaceae (29) have been detected in the cecal lumen and mucosa, respectively. The fact that we were able to isolate a large number of different Bacillus strains from broiler chicken feces suggests that a diverse collection of Bacillus species may be present in the poultry gut.
Bacillus species are frequently found in food (9, 14, 46) , which could facilitate their entry into the different gut ecosystems. Earlier studies have reported on the frequent isolation of B. cereus from human feces (11, 65) , and a recent study has reported the identification of B. subtilis, B. licheniformis, B. pumilus, and Bacillus fragilis in the cecum of rabbits and the role of sporulation by B. subtilis in the induction of gut-associated lymphoid tissue development (55) . In parallel work, we also isolated aerobic sporeformers from the fecal material of sheep and cattle, which represent very different gut ecosystems (Barbosa et al., unpublished data) . Together with some of the properties exhibited by the isolates described in this study, such as the resistance of their spores to simulated gastric conditions or to bile salts or biofilm formation (see below), and the suggestion that B. subtilis can germinate and sporulate in the gut (8, 22) , this suggests that several Bacillus species may be well prepared for transit between the gut and the soil. Even if transient in the gut, detection of these organisms in all the fecal samples examined in our study suggests that their role in the intestinal microbial balance may have been underestimated.
As also found by others (14, 58) , it became evident at an early point in this study that speciation of some Bacillus isolates was complex. However, we base our claim for diversity on the use of a range of different morphophysiological and biochemical parameters as well as genetic analysis to tentatively identify the isolates to the species level. For example, the API system only allows the identification of 19 of the best-defined and most common species and therefore failed to identify a number of our isolates. On the other hand, different species, such as those belonging to the B. cereus subgroup (B. cereus, B. anthracis, B. thuringiensis, and B. mycoides), may have essentially the same 16S rRNA sequences. This was the case for isolates 235, 241, and 243, where discrimination required both rRNA sequence data and information obtained from the API system. For these B. cereus isolates, we additionally noted that all three exhibited hemolytic activity, suggesting that none was B. anthracis (63) .
Some isolates demonstrated properties that could be advantageous in gut ecosystems. In agreement with previous reports, all the isolates of B. licheniformis and of the B. cereus group were able to grow anaerobically (63) . B. subtilis has been viewed as a strict aerobe, but recent work has shown that it can also grow anaerobically (37) . Consistent with these reports, we observed that some B. subtilis isolates exhibited limited growth under the anaerobic conditions used and that anaerobic growth of B. subtilis strains 278 and 285 was considerably better than that observed for the other B. subtilis isolates, indicating strain-specific differences in the levels of tolerance to the particular anaerobic conditions used. Interestingly, it has also been shown that B. subtilis does not sporulate efficiently under anaerobic conditions (23) , suggesting that its reported capacity to sporulate in the gut (22) may be strongly influenced by the particular niche occupied. Also, some isolates formed robust biofilms.
While the formation of biofilms by gut microorganisms is well recognized (43, 52) , its relevance specifically to Bacillus strains in the gut has yet to be determined. Nevertheless, it is conceivable that biofilms on the surface of either the gastrointestinal tract or food particles could provide protection against some of the harsh physical and chemical stresses found in the gut and thereby promote their survival and persistence. Alternatively, but not exclusively, biofilms could play a role in the protection of the gut epithelium from adherence of pathogenic agents. Natural isolates of B. subtilis are able to form complex biofilms, which produce aerial structures or fruiting bodies, where spore formation preferentially occurs (7) . In keeping with the suggestion that sporulation may occur in the gut (22, 55) , it remains possible that biofilms serve as the preferred site of sporulation in this environment. A more detailed analysis of sporulation by these isolates appears pertinent.
We also note that all the selected isolates were capable of efficient sporulation under laboratory conditions, and their spores conformed to the general structural organization described for Bacillus species (20 (15, 28) . The hair-like layer at the edge of the spores of isolate 259 is particularly intriguing due to the high similarity observed between the coat polypeptide composition of this isolate and Enterogermina, as assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (data not shown). Spores of some Bacillus probiotic strains were recently shown to be susceptible to bile and simulated gastric conditions (10) . Although vegetative cells of the broilers isolates were unable to survive the simulated gastrointestinal tract conditions, spores of all the different species tested, including those of B. megaterium 3 (which showed reduced heat resistance), were resistant to bile salts and acidic pH. It will be interesting to test whether this property correlates with the assembly of any of the spore structures seen. In any case, these findings suggest that the spores from the tested isolates could survive transit through the gastrointestinal tract's adverse environment. If so, their final outcome may then depend on the intestinal niche where spores persist and perhaps germinate (8, 22) .
Bacillus species are being used as probiotics in both human and animals, and therefore properties such as the presence of extrachromosomal elements, resistance genes, or antimicrobial activity seemed pertinent to test. We found that plasmid DNA was common among poultry fecal Bacillus isolates, and their profiles also assisted in the discrimination of particular strains belonging to the same species. For example, the four isolates related to Bacillus sp. strain VAN 35 or the B. megaterium and B. licheniformis isolates could be differentiated on the basis of their distinctive plasmid profiles. Although the exact nature of the poultry Bacillus plasmids remains cryptic, in other Bacillus isolates the presence of plasmid DNA has frequently been associated with antibiotic resistance determinants and the production of toxins and antibiotic compounds (5, 36, 41) . The occurrence of plasmid DNA could also be seen as an indicator of genetic stability and potential for genetic transfer in these species. This is important as gut ecosystems are thought to act as reservoirs of resistant bacteria and resistance genes that can be passed on to humans through the food chain. Given that the selected isolates were for the most part susceptible to the antibiotics tested, it is unlikely that these plasmids code for resistance determinants, but additional studies will be required to determine the exact nature of the extrachromosomal elements detected in this study.
In addition to B. clausii isolate 259, we found erm (34) in a second erythromycin-resistant poultry gut isolate, B. clausii strain 370, and also in the B. clausii strain present in the probiotic Domuvar (21) (data not shown). This suggests that the MLS B resistance of B. clausii isolates analyzed in this and previous studies (6) could be intrinsic to this bacterial species and occurs as a consequence of the presence of erm (34) in the chromosome.
Importantly, several Bacillus isolates demonstrated an antagonistic activity against a broad range of bacterial strains (44) . Significantly in this context, the competitive exclusion of pathogens by probiotic strains, including the lactic acid bacteria, can be assisted by bacterial production of antimicrobial agents, such as bacteriocins (42) . Also, in vitro, the anti-Helicobacter pylori activity of a probiotic strain of B. subtilis was shown to be dependent on the production of antibiotics (49) . Of the target strains tested in our work, the inhibitory activity detected against L. monocytogenes and C. perfringens, a foodborne pathogen and the etiological agent of necrotic enteritis in poultry, respectively, is noteworthy. The nature of the antimicrobial activity of some of the poultry isolates is currently under study.
The extensive use of Bacillus species has not always been accompanied by rigorous scientific testing. The recent observation that several of these products contained mislabeled species, some of which were found to be multidrug resistant and/or produce toxins, raises additional questions regarding their use (10, 13, 21) . Evidently, in order to establish the safety and effectiveness of probiotic products an initial unambiguous identification and characterization of the bacterial strain is essential. Recent studies have shown that a laboratory strain of B. subtilis was able to suppress poultry colonization by different avian pathogens (30, 31) . Initially we hypothesized that indigenous isolates could potentially be safer and more effective.
The work described in this article aimed at testing whether a diverse collection of Bacillus species could be found in association with the gastrointestinal tract of chickens and additionally provided the first and necessary stage in the characterization of a selected group of strains in view of a potential application. Although we do not claim that any of the isolates herein described will have probiotic properties on the basis of the present investigation, the in vitro parameters tested suggest possible candidates for testing the safety and effectiveness of these organisms in suppressing poultry colonization by pathogens. This work is currently in progress.
